
Yasuhiro Nakajima (ICRR, the University of Tokyo) 
on behalf of the Super-Kamiokande collaboration 

The XXIX International Conference on Neutrino Physics and Astrophysics (NEUTRINO2020) 
June 30, 2020

Recent results and future prospects 
from Super-Kamiokande



The Super-Kamiokande Collaboration

2

INFN Roma, Italy 
Kavli IPMU, The Univ. of Tokyo, Japan 
Keio University, Japan 
KEK, Japan 
King's College London, UK 
Kobe University, Japan 
Kyoto University, Japan 
University of Liverpool, UK 
LLR, Ecole polytechnique, France 
Miyagi University of Education, Japan 
ISEE, Nagoya University, Japan 
NCBJ, Poland 
Okayama University, Japan 
University of Oxford, UK 
Queen Mary University of London, UK 
Rutherford Appleton Laboratory, UK 
Seoul National University, Korea

Kamioka Observatory, ICRR, Univ. of Tokyo, Japan 
RCCN, ICRR, Univ. of Tokyo, Japan 
University Autonoma Madrid, Spain 
BC Institute of Technology, Canada 
Boston University, USA 
University of California, Irvine, USA 
California State University, USA 
Chonnam National University, Korea 
Duke University, USA 
Fukuoka Institute of Technology, Japan 
Gifu University, Japan 
GIST, Korea 
University of Hawaii, USA 
Imperial College London, UK 
INFN Bari, Italy 
INFN Napoli, Italy 
INFN Padova, Italy

University of Sheffield, UK 
Shizuoka University of Welfare, Japan 
Sungkyunkwan University, Korea 
Stony Brook University, USA 
Tokai University, Japan 
The University of Tokyo, Japan 
Tokyo Institute of Technology, Japan 
Tokyo University of Science, japan 
University of Toronto, Canada 
TRIUMF, Canada 
Tsinghua University, Korea 
University of Warsaw, Poland 
Warwick University, UK 
The University of Winnipeg, Canada 
Yokohama National University, Japan

~190 collaborators from 49 institutes in 10 countries 



• 50-kton water Cherenkov detector located at Kamioka, Japan


• Overburden: 2700 mwe


• Inner Detector covered by > 11000 20-inch PMTs


• Studying neutrinos from wide variety of sources


• Solar neutrinos 


• Supernova neutrinos 


• Atmospheric/Accelerator neutrinos


• Operational since 1996,  transitioning to SK-Gd

Super-Kamiokande
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50,000 tons  Ring imaging Water Cherenkov detector
Super-Kamiokande detector

SK-I started in Apr. 1st, 1996.
SK-IV finished on May 31st, 2018.
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SK-I SK-III SK-IV
1996

SK-II
Photo coverage 40% 20% 40% 40%

2002 2006 2008

Accident Full reconstruction Replace electronics & DAQ system

2018

Preparation
for SK-Gd

SK-V SK-Gd
2019
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40%



Super-Kamiokande Gadolinium Project (SK-Gd)
• Dissolving Gd to Super-Kamiokande to significantly enhance 

detection capability of neutrons from ν interactions


• Aiming for the first observation of Diffuse Supernova 
Neutrino Backgrounds 

• Also aiming for:


• Improving pointing accuracy for galactic supernova


• Precursor of nearby supernova by Si-burning neutrinos


• Reducing proton decay background


• Neutrino/anti-neutrino discrimination (Long-baseline and 
atmospheric neutrinos)


• Reactor neutrino measurements


• As the first step, loading 0.02% of Gd2(SO4)3 in 2020
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J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110
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Final goal

Initial loading 
(this year)

~50% n-capture on Gd

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi
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cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify Qe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 Js in total 8 MeV

Ń Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolveЍ0.2% loading

Ń In Super-K, it corresponds to 100 tons of loading 
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Beacom and Vagins PRL93,171101 (2004)
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R&D Challenges (RI in Gd powder)

• Radio impurities in Gd power could introduce 
additional backgrounds to solar and supernova 
neutrinos


• Stringent requirement for RI imposed


• Developed methods to evaluate low 
concentration RI


• Screened at multiple sites


• ICP-MS: Kamioka


• HPGe: Canfranc, Boulby and Kamioka


• Worked with production companies and 
achieved the required purity
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PTEP 2017 (2017) 11, 113H01

PTEP 2018 (2018) 9, 091H01

arXiv: 2006.09664

Chain Isotope SK-Gd requirements
For solar For DSNB

238U
238U — < 5

226Ra < 0.5 —
232Th

228Ra < 0.05 —
228Th < 0.05 —

235U
235U < 30 —

227Ac/227Th < 30 —

Radioactive impurities for Gd2(SO4)3 powder [mBq/kg]

5 10 15 20 25 30
Lot No.

10−

0

10

20

30

40

50

 p
ow

de
r

3) 4
(S

O
2

 p
pt

 in
 G

d

5 10 15 20 25 30
Lot No.

0

50

100

150

200

250

300

350

400

 p
ow

de
r

3) 4
(S

O
2

 p
pt

 in
 G

d

Requirement: 

238U < 400 ppt

U contamination (ICP-MS) Th contamination (ICP-MS)

Requirement: 

232Th < 13 ppt



R&D Challenges 
(water purification)

• Challenge: remove impurities without 
removing Gd


• Two systems developed and tested with a 
200 m3 tank (EGADS)


• “Band-pass” system with nano-filter


• Special resin-based system


• Constructed a dedicated Gd-dissolving and 
Gd-water purification system for Super-
Kamiokande
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Both successfully kept water 
transparency at the current SK level 
without losing Gd

Light @ 15 meters in the 200-m3 EGADS tank

Our Gd-capable water system really is lossless (>99.99%) – the fully-
loaded EGADS tank has been turned over more than 350 times so far.

The light left at 15 m has been stable  at ~75% for 0.2% Gd2(SO4)3 , which 
corresponds to ~92% of SK-IV pure water average. 17

Water transparency

Gd concentration

Nucl.Instrum.Meth.A 959 (2020) 163549

200 m3 tank (EGADS)



SK detector preparation
• Major refurbishment work 2018-2019:


• Stopped water leak: < 1/200 of before (~1 m3/d)


• Many other improvements and cleaning


• SK-V operation (2019-): 


• The new Gd-water purification system tested 
with the real SK detector


• Successfully kept water transparency at       
a level similar to previous phases


• Water flow tuning: Suppressed convection 
and expanded low-background region
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SK-4 SK-5
Event rate at 3.5-4.0 MeV



Ready, Set, …
• 14 tons of Gd2(SO4)3 (8H2O) powder for initial loading produced and screened


• The new water system is ready to process Gd-loaded water

8



Gd dissolving 
• Commissioning of the new Gd dissolving 

system just started!


• Gd loading to Super-K will start VERY soon!
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Recent results from Super-Kamiokande

• Search for Diffuse Supernova Neutrino 
Backgrounds 

• Solar neutrino oscillation measurements 

• Atmospheric neutrino oscillation 
measurements 

• Multi-messenger astronomy:

• Gravitational-wave event follow-up

• Gamma-ray bust follow-up


• Search for supernova bursts

• Search for neutron-antineutron oscillation
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• Phys. Rev. D 101, 052011 (2020), “Search for proton 
decay into three charged leptons in 0.37 megaton-
years exposure of the Super-Kamiokande”


• Astrophys. J. Lett. 887, L6 (2019), “Search for 
Astronomical Neutrinos from Blazar TXS0506+056 
in Super-Kamiokande"


• Astrophys. J. 885, 2 (2019), “Sensitivity of Super-
Kamiokande with Gadolinium to Low Energy 
Antineutrinos from Pre-supernova Emission”


• Phys. Rev. D 99, 032005 (2019), “Measurement of 
the neutrino-oxygen neutral-current quasielastic 
cross section using atmospheric neutrinos at Super-
Kamiokande”


• Prog. Theor. Exp. Phys. 2019, 053F01, 
“Atmospheric Neutrino Oscillation Analysis With 
Improved Event Reconstruction in Super-
Kamiokande IV”

[Poster #161: M. Lamoureux]

[Poster #85: M. Harada]

[Poster #136: M. Mori]

[Poster #43: L. Wan]

Recent publications (2019-)New results at Neutrino 2020



Supernova Neutrinos
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Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

• Neutrinos produced from the 
SDVW�61�EXUVWV�DQG�GL⒐XVHG�LQ�
the current universe.
• ~ a few SN explosions every 

second ˢ O(1018) SNe so far in 
this universe

• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 

Diffuse Supernova 
Neutrino Backgrounds

• Supernova burst neutrinos: 

• Rich physics observables once detected

• No detection since 1987A.


• Diffuse Supernova Neutrino Backgrounds (DSNB): 

• Neutrinos produced from all the SN bursts and diffused in the 

current universe.


• Can study history of SN bursts with neutrinos


• Many astrophysics and particle physics implications:

• Contribution of failed supernova

• Neutrino oscillation effect in dense medium

• Galaxy evolution

• Supernova burst mechanism 12

~ a few SN explosions every second 
O(1018) SNe so far in this universe
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• Primary signal: Inverse Beta Decay ( )


• Backgrounds that mimic e+ + n pair:

ν̄e + p → e+ + n

DSNB: Signal and Backgrounds
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Supernova Relic Neutrino

I The Supernova Relic Neutrinos (SRN) or
“Di↵use Supernova Neutrino Background”
are an expected background of ⌫ produced
by all the past supernovae.

I Theoretical flux prediction :
0.3 ⇠ 1.5 /cm2/s (17.3MeV threshold)

I Signal: Inverse � decay reaction:

⌫e

p

n

e+

I Large background rate is a↵ecting the
analysis

ICRR research Joint meeting, December 14th, 2019 7/18 pronost@km.icrr.u-tokyo.ac.jp

• 9Li (from cosmic μ spallation)

Backgrounds

I Di�cult analysis due to large backgrounds
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• Atmospheric neutrinos

Backgrounds

I Di�cult analysis due to large backgrounds
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NC(QE)

Detecting both position and neutron is 
the key to reduce backgrounds

• Accidental coincidence (mostly spallation products + fake-neutrons) 
• Reactor neutrinos 

Rare event search: a few interactions / year / SK

[E < ~15 MeV]

[E < ~10 MeV]
[E < ~15 MeV]

[E > ~20 MeV][E < ~50 MeV]

[Poster #221: A. Goldsack]

[E < ~20 MeV]

[Poster #175: S. Sakai]



Analysis method
• Employed neutron tagging:


• Neutron signal in SK (pure water): 2.2 MeV γ 
from n-H capture


• Very small (typically ~ 7 PMT hits) signal


• Buried in radioactivity from the detector


• Developed a neutron selection algorithm based 
on Boosted Decision Tree


• 20-30% signal efficiency with 0.2-3% fake-
tag rate


• Two methods for testing DSNB signal


• Spectrum fit: Fit spectrum shape assuming a 
DSNB model


• DSNB-model independent search: Test event 
excess for each reconstructed energy bin
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Super-Kamiokande

Super-Kamiokande (SK) is currently
the largest pure water Cherenkov
detector. It is located under a
1000 m mountain in the Kamioka
mine (Japan). It consists of an Outer
Detector (OD, muon veto), and an In-
ner Detector (ID). Its fiducial volume
is 22.5 kton.

SK’s inner detector contains 11146 photomultipliers (PMTs) with 3 ns time
resolution. A typical event in SK lasts at most 200 ns. SK has gone through
four phases of running. This analysis focuses on phase IV (2790 days).

Supernova relic neutrinos

Core-collapse supernovae emit about 1058 neutrinos that could provide unique
information about the behavior of the core of heavy stars. Since about 1
supernova/second occurs in the Universe neutrinos from distant supernovae
form a permanent, di↵use background. These Supernova Relic Neutrino (SRN)
flux carries unique information about the aggregate properties of core-collapse
supernovae as well as the history of the Universe:

�(E) =
c

H0

Z
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Flux predictions can vary over one order of magnitude depending on the
assumed supernova rate RSN and neutrino emission spectrum F⌫. For most
models, 5 to 20 evts/year are expected in Super-Kamiokande. The figure
below shows the fluxes associated to several representative models:

Measuring the SRNs would bring unique insight into supernova mechanisms,
and is the only way to measure the formation rate of stellar black holes.

SRN signal and main backgrounds

skflsdf

Inverse Beta Decay (IBD)

Positron: “prompt” signal
Neutron: captured by a proton
2.2 MeV � “delayed” signal

Three main categories of backgrounds at these energies:

oCosmic muon spallation: cosmic muons induce the production of
radioactive isotopes, that later undergo beta decays. Most decays do not
involve neutrons. One notable exception is 9Li, that undergoes � +n decay.

o Solar neutrinos: most of this background can be rejected using direc-
tional cuts. Again this background does not involve neutrons.

oAtmospheric neutrinos: neutral current (NC) interactions dominate
over 12 MeV and produce energetic �s with sometimes a neutron. Charged
current (CC) interactions mostly do not produce neutrons. The only
irreducible backgrounds are ⌫̄e, ⌫̄µ IBDs.

oReactor antineutrinos: irreducible background below 10 MeV

Supernova Relic Neutrinos in Super-Kamiokande IV

Sonia El Hedri1,⇤, with Y. Ashida2, A. Giampaolo1, L. Bernard1, and A. Co↵ani1, for the Super-Kamiokande Collaboration
1 LLR, École Polytechnique, 2 Kyoto University
⇤ presenting author elhedri@llr.in2p3.fr

Analysis strategy

Search energy range: 12 to 90 MeV

105 events in SK-IV after basic noise cuts. Less than 100 could be SRN.

Modeling:

Atmospheric ⌫ interactions are modeled using NEUT [4].
Detector simulation: SKDetSim (GEANT3) + noise injection (data).

ej

Identifying both the positron and the neutron

is essential in the SRN search.

Cut strategy:

1.Noise reduction: basic cuts (radioactivity, PMT flashers, ...)

2. Spallation cuts: exploit space and time correlations between spallation events
and cosmic muons. Remove > 90% of backgrounds.

3.Atmospheric reduction: remove pions and electrons from muon decays.
> 90% signal e�ciency, remove 20% of atmospheric background.

2.Neutron tagging: eliminates > 99.9% of the backgrounds at low energy.
Low signal e�ciency.

Spallation cuts

Study correlations between each SRN candidate and all muons detected up
to 30s before (⇠ 50 pairs/event). We compare these pairs to uncorrelated
“random” pairs (see below) to design a two-step cut strategy:

1.Preselection: clustered SRN candidates (multiple spallation cuts), and
candidates close to neutrons produced by muon showers are rejected.
These cuts have a > 98% e�ciency and eliminate about half of the
spallation events.

2.Final cuts: select SRN candidates based on the following four variables

dt: time di↵erence between
candidate and muon

Ll, Lt: candidate’s distance to
shower

resQ: charge deposited by the
muon minus minimum ionization

Final performance: > 90% of the background rejection (⇠ 99% of 9Li), 40
to 90% signal e�ciency (depending on positron energy).

Neutron tagging

More than 99% of the backgrounds processes do not produce neutrons,
which makes neutron tagging critical in this analysis. Distinguishing neutron
captures from PMT noise however requires an extremely thorough search
over a large time window [3].

1.Preselection: Identify the neutron capture vertex with the positron
vertex and subtract time-of-flights. Select clusters with � 6 hits in 10 ns

2.Final selection: use a Boosted Decision Tree (22 observables).

Overall e�ciencies: 19-30% (signal), 0.2-3% (background).

Spectral fits: Ando (LMA) model

dklf

We fit the energy spectrum of the remaining SRN candidates with
a linear combination of a SRN signal (LMA model [1]) and the
background predictions in the 16-90 MeV region. Cuts are tuned
to eliminate non-atmospheric backgrounds and atmospheric back-
grounds are estimated using data-driven techniques [2]. We notably
evaluate the impact of NC interactions and µ/⇡ production by per-
forming an extended maximum likelihood fit over three Cherenkov
angle regions. We study two configurations:

o No neutron tagging: signal e�ciency for spallation cuts ranges
from 37% (16-17 MeV) to 86% (20-24 MeV). We also apply solar
cuts, whose e�ciencies range from 73% to 95%.

o Neutron tagging: signal e�ciency for spallation cuts is 88% for
all energies. Neutron tagging e�ciency is around 30%.

The 90% confidence limit on SRN flux for 22.5⇥ 2970.1 kton.day
exposure is

�90 = 4.9 cm�2
/s (no neutron tagging), 3.8 cm�2

/s (neutron tagging)

Combining SK-IV results with SK-I,II,III (22.5⇥ 2853 kton.day)
gives:

�90 = 2.7 cm�2
/s (predicted 1.7)

dklf

Exclusion limits

In addition to spectral fits, we compute supernova model-independent ex-
clusion bounds on di↵erent positron energy bins in the 12� 30 MeV region.
Notable di↵erences with the spectral analysis are:

o Joint optimization of spallation and neutron tagging cuts to maximize
significance.

o Systematic errors on NC Quasi-Elastic (NCQE) backgrounds are evaluated
using T2K data (and determine the energy bin size).

o The non-NCQE atmospheric backgrounds are estimated using the 30�
80 MeV region as a sideband.

The data and background predictions after cuts are the following:
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The resulting 90% C.L. flux limits for 22.5⇥ 2970.1 kton.day exposure are:

Both the spectral and the supernova model-independent limits
are within a factor of 2 of the Ando (LMA) model at high
energies. Most SRN models will hence be within reach of the
upcoming Super-K Gd!
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Spectrum fit result
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Spectrum shape from 
[Ando et al (NNN05)]

No significant excess observed

Combined limit: φ < 2.7 cm-2/s (90% CL) for Ep > 16 MeV 

Model prediction: φ = 1.7 cm-2/s  [Ando et al (NNN05)]

Limit within a factor two of this prediction! 

Preliminary

Preliminary

Ep > 16 MeV
DSNB region

[Poster #231: S. El Hedri]

SK-IV data

μ-like e-like Multi-γ like



DSNB-model independent search

• No significant excess found


• Set one of the most stringent limits above 13.3 MeV


• Many model predictions are within several factors from the current limit


• Sensitivity limited by small statistics and backgrounds

16

 [MeV]recE

12 14 16 18 20 22 24 26 28

Ev
en

ts
/b

in

0

5

10

15

20

25

30

Data
-NCQE)ν (νAtmospheric-
-NCQE)ν (νAtmospheric-

 (non-NCQE)νAtmospheric-
Li9Spallation 

νReactor-
Accidental coincidence

10×SRN (Nakazato+15 Minimum, NH) 

Preliminary

→Will be significantly improved with better neutron tagging in SK-Gd

: Models within a factor of 3

[Poster #231: S. El Hedri]

SK-IV data (w/ n-tag)



Solar Neutrinos
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Solar Neutrinos
• Intense neutrinos from nuclear fusion in the Sun’s core


• Majority (99%) from pp-chain with subdominant contribution 
from CNO cycle


• What’s left in solar neutrinos?


• Help understanding solar interior


• Precision test of the MSW oscillation model 

• Precise measurement of spectrum at the vacuum-to-matter 
transition region


• Measurement of Day/Night asymmetry


• Super-K’s measurement of solar neutrinos


• Detecting recoil electrons from elastic scattering


• Robust signal extraction using angular correlation with the Sun


• Current threshold for analysis: Ekin > 3.5 MeV
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Super-K has been continuously improving analysis with more statistics

data) are in good agreement with the MSW curves (based
on different parameters: blue ¼ solar þ KamLAND best
fit, green ¼ solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This

so called “day/night effect” will lead to an enhancement
of the νe flavor content during the nighttime for most
oscillation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17) at
the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN ¼ ðΦD − ΦNÞ= 1

2 ðΦD þ ΦN) defines a
convenient measure of the size of the effect; it is sensitive
to Δm2

21.
A more sophisticated method to test the day/night effect

is given in [1,24]. For a given set of oscillation parameters,
the interaction rate as a function of the solar zenith angle is
predicted. Only the shape of the calculated solar zenith
angle variation is used; the amplitude is scaled by an
arbitrary parameter. The extended maximum likelihood fit
to extract the solar neutrino signal (see Sec. III C) is
expanded to allow time-varying signals. The likelihood
is then evaluated as a function of the average signal rates,
the background rates and a scaling parameter, termed the
“day/night amplitude”. The equivalent day/night asymme-
try is calculated by multiplying the fit scaling parameter
with the expected day/night asymmetry. In this manner the
day/night asymmetry is measured more precisely sta-
tistically and is less vulnerable to some key systematic
effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [24] and [1]), it necessarily depends on the
oscillation parameters, although with very little depend-
ence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consistent
with reactor neutrino measurements [25]). The fit is
run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ Δm2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or
energy scale will affect the observed interaction rate as
a function of solar zenith angle and energy. To quantify
the directional dependence of the energy scale, the
energy of the DT-produced 16N calibration data and its
simulation are compared as a function of the recon-
structed detector zenith angle (Fig. 9). The fit from Fig. 9
is used to shift the energy of the 8B MC events, while
taking energy-bin correlations into account, and the
unbinned amplitude fit was rerun. The resulting 0.05%
change in the equivalent day/night asymmetry is taken as
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FIG. 29. Allowed survival probability 1σ band from the
combined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data (green)
and a fit to all solar þ KamLAND data (blue). The pastel colored
bands are the separate SK (green) and SNO (blue) fits.
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FIG. 30. Predicted solar neutrino spectra [21]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the solar best fit and blue
from the solar þ KamLAND best fit. The 1σ band of Pee from the
combined data of SK and SNO is shown in red. Also shown are
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Analysis Improvements
• Detector simulation improvements


• Improved PMT hit timing simulation


• Improved modeling of water quality non-uniformity


• Analysis improvements


• Correction for PMT gain drift (introduced in 2017)


• Improved correction for non-uniform energy 
response


• Improved spallation cut


• 12% more signal efficiency while keeping spallation 
rejection efficiency at a similar level (~90%)
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E-scale non-uniformity (MC) 1.7% → 0.5%

Gained ~1 year worth statistics

Energy scale stability (decay-e from cosmic μ)

±0.5 %

Energy scale non-uniformity (MC)
Previous New

[Poster #350: Y. Nakano]
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Solar neutrino flux
• Analysis using all the data up through SK-IV presented today


• 5805 live days from all (SK-I ~ SK-IV) period (2970 days in SK-IV)


• More than 100k 8B (and HEP) solar neutrino interactions collected
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Observed data
Best-fit
Background

Preliminary

Preliminary
Phase Livetime

[days]
Energy 
[MeV]

DATA/MC Flux w/ systematic error
[*106 /cm2/sec]

Extracted Signal
(Statistical only)

SK-I 1496 4.5-19.5 !. #$% ± !. !!$	!"."$%&"."$' (. %) ± !. !( ± !. !) ((##%	!(()&((*

SK-II 791 6.5-19.5 !. #$* ± !. !+! ± !. !%! (. #+ ± !. !$	!".$)&".$' ,(+!	!$)$&$)+

SK-III 548 4.0-19.5 !. #$* ± !. !+! ± !. !%! (. #! ± !. !# ± !. !$ )+#)	!$++&$++

SK-IV
(Updated) 2970.08 3.5-19.5 !. ##% ± !. !!% ± !. !!- (. %% ± !. !+ ± !. !% -%)*!!+*,&+-$

Combined 5805 − !. ##, ± !. !!( ± !. !!) (. %$ ± !. !+ ± !. !# More than
100k events
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Energy spectrum fit (SK-IV)

Disfavors flat oscillation probability by ~1σ

Spectrum shape compatible with KamLAND Δm221 (< 1σ)

—Δm221 = 7.5 x 10-5 eV2 (KamLAND)
—Δm221 = 6.1 x 10-5 eV2 (SK+SNO best fit)

Preliminary

— Expectation

— SK-IV data

Preliminary
Day/Night amplitude fit (SK-IV)

AD/N =
Φday − Φnight

0.5(Φday + Φnight)

AFit
DN = (−2.1 ± 1.1) % [3.5 < E < 19.5 (MeV)]

~2σ preference of non-zero Day/Night asymmetry

Recoil electron kinetic energy [MeV]
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• Best fit value of solar Δm221 changed from 4.8 x 10-5 eV2 (2019) to 
6.1 x 10-5 eV2


• Spectrum analysis:


• Shift of prediction due to improved detector simulation


• Added statistics due to improved spallation cut


• Event migration due to new reconstruction tool 


• Day/Night asymmetry:


• Event migration due to new reconstruction


• Previous analysis used data up to Feb 2014 (SK-IV: 1664 days)


• Added ~1200 days of data fluctuated towards smaller D/N 
asymmetry


• Both impacted to the shift of best fit Δm221 value by roughly equal 
amount (in term of change of Δχ2)

22

Difference from the 
previous results

Data/MC ratio at E < 6 MeV slightly shifted upward

AFit
DN = (−3.6 ± 1.6(stat) ± 0.6(syst)) % → AFit

DN = (−2.1 ± 1.1) %

Preliminary

Preliminary KamLAND (95%CL)

SK+SNO 2020 (95% CL)

Solar 2019 (95% CL)
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Oscillation Parameter Extraction

• Oscillation parameters extracted by 
combining all SK data, as well as SNO and 
KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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Atmospheric Neutrinos
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quantity of underground water available to fill the detector
and maintain its temperature. These changes impact the
water transparency and subsequent performance of the
detector and therefore must be corrected through calibra-
tions. Since neutrino oscillations are a function of the
neutrino energy, a thorough understanding of the detector
energy scale is important for precision measurements.
At the same time the range of energies of interest to

atmospheric neutrino analysis spans from tens of MeV to
tens of TeV, eliminating the possibility of calibration
through radioactive isotopes. Accordingly, the energy scale
is calibrated using natural sidebands covering a variety of
energies. Neutral pions reconstructed from atmospheric

neutrino interactions provide a calibration point via the π0

momentum and stopping cosmic ray muons of various
momenta are used to measure photoelectron production as
a function of muon track length (Cherenkov angle) for
multi-GeV (sub-GeV) energies. Here the muon track length
is estimated using the distance between the entering vertex
and the position of the electron produced in its subsequent
decay. The energy spectrum of these Michel electrons
additionally serves as a low energy calibration point.
Figure 3 shows the absolute energy scale measurement
using each of these samples.
In the oscillation analysis the absolute energy scale

uncertainty is conservatively taken to be the value of the

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and zenith angle
assuming a normal mass hierarchy. Matter effects in the Earth produce the distortions in the neutrino figures between two and ten GeV,
which are not present in the antineutrino figures. Distortions in the νμ survival probability and enhancements in the νe appearance
probability occur primarily in angular regions corresponding to neutrino propagation across both the outer core and mantle regions
(cosine zenith < −0.9) and propagation through the mantle and crust (−0.9 < cosine zenith < −0.45). For an inverted hierarchy the
matter effects appear in the antineutrino figures instead. Here the oscillation parameters are taken to be Δm2

32 ¼ 2.5 × 10−3 eV2,
sin2 θ23 ¼ 0.5, sin2 θ13 ¼ 0.0219, and δCP ¼ 0.

K. ABE et al. PHYS. REV. D 97, 072001 (2018)

072001-6

Atmospheric Neutrinos
• Neutrinos produced by cosmic-ray 

interactions in earth’s atmosphere


• Baseline: O(10) km - O(10,000) km)


• Energy: peaks at several hundreds of 
MeV, extends to ~TeV


• Goals:


• Δm232 and θ23 measurements:  
primary through  disappearance


• CP violation parameter δ and mass-
ordering: 

νμ/ν̄μ

νμ → νe and ν̄μ → ν̄e

25

Atmospheric neutrino observation

Minimum travel distance ~ thickness of the air -> 10 ~ 30km
Maximum travel distance ~ diameter of the earth -> 13,000 km

p, He ...

p, He ...

n

n

n
SK

Travel distance of neutrino has good correlation with its zenith angle.
Possible to study neutrino oscillation with 

observed energy (momentum) and zenith angle. 4

P(νμ → νe)

P(ν̄μ → ν̄e)
Matter effects 

(NH)

(NH)
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• New results using the full data sets from 
SK-I to SK-IV


• Exposure: 364.8 kton-years


• Improvements in this analysis:


• Neutron tagging (ε~25%) for  
separation


• New BDT-based event selection for 
multi-ring events


• Increased signal efficiency and purity

ν/ν̄
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Atmospheric Neutrino Analysis at SK

Preliminary
(328 kton-years in Neutrino2018)

Up: cosθ < -0.4, Down: cosθ > 0.4



Oscillation Parameter Measurement
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SKI-IV Fit Results (19b) 

930 Bins c2 q13 dcp q23 Dm23 (x10-3)

SK (NH) 1037.5 0.0218 4.36 0.44 2.4
SK (IH) 1040.7 0.0218 4.54 0.45 2.4

n P-value for this c2 is about 0.32
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SKI-IV Fit Results (19b) 

930 Bins c2 q13 dcp q23 Dm23 (x10-3)

SK (NH) 1037.5 0.0218 4.36+0.88
-1.39 0.44+0.05

-0.02 2.40+0.11
-0.12

SK (IH) 1040.7 0.0218 4.54+0.88
-1.32 0.45+0.09

-0.03 2.40+0.09
-0.32

n P-value for this c2 is about 0.32
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Also prefers: 1st θ23 octant and δCP~3/2π

Preliminary

SK data disfavors Inverted Hierarchy at 71.4-90.3% CLs (was 81.9-96.1% in 2018)
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Δm232 vs sin2θ23 constraints
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Summary
• The new era of Super-Kamiokande, SK-Gd, is about to start


• New results from Super-Kamiokande:


• Diffuse supernova background search: New limit within a several factors of many models


• Solar neutrino measurements: New spectrum and Day/Night asymmetry measurements to test MSW


• Atmospheric neutrino measurements: New constraints on Δm232, θ23, δCP and MO


• Please also enjoy more results from Super-Kamiokande at the poster sessions:
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ID Title Presenter Session
43 Neutron-antineutron oscillation search at Super-Kamiokande Linyan Wan 3
85 Search for astronomical neutrino from the Gamma-ray burst with Super-Kamiokande Masayuki Harada 2
136 Long time supernova simulation and supernova burst search at Super-Kamiokande Masamitsu Mori 2
161 Follow-up of Gravitational Wave events with Super-Kamiokande Mathieu Lamoureux 1
166 Spallation Studies in Super Kamiokande Scott Locke 2
175 Study of the atmospheric neutrino background for Supernova Relic Neutrino search Seiya Sakai 4
221 Reactor Neutrinos in Super-Kamiokande Alexander Goldsack 1
231 The diffuse supernova neutrino background in Super-Kamiokande Sonia El Hedri 3
350 Latest solar neutrino analysis results from Super-Kamiokande Yuuki Nakano 4

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
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